The analyses of all C10 to C12 alkylnaphthalenes in nine crude oils were made by a combined chromatographic and spectrometric method.
Introduction
The analysis of individual alkylnaphthalenes in petroleum was carried out by Mair, et al. as a part of A.P.I. Research Project 61),2). But their works were restricted to one representative crude oil. A similar analysis on a wide variety of crude oils, which would permit us to compare the compositions of alkylnaphthalenes among various crude oils, has not yet been made. For conducting such an analysis, it was necessary to establish a conventional method of analysis since the procedure used by Mair was so large in scale that it was impractical for analyzing many samples.
This paper reports the results of analyses for all alkylnaphthalenes up to C12 in nine crude oils, and describes the method used for the analyses.
Experimental

Apparatus
The apparatus used in the liquid chromatography (LC) were the same as those described in a previous paper3). The instruments used were as follows: Gas chromatographs were a Hitachi K-53 gas chromatograph and a Shimadzu GC-5A gas chromatograph.
A Hitachi EPI-G3 infrared spectrophotometer and a Hitachi RMS-4 mass spectrometer equipped with a GC-MS attachment were also used.
Materials
The materials used in the LC were the same as those described in the previous paper3). The other chemicals used were reagent grade.
Petroleum Samples Analyzed
The samples analyzed were the straight run distillates from 5 l of crude oils boiling between tory distillation under reduced pressure with a packed distillation column of 15 theoretical plates. The list of samples is as shown in Table  1 .
Analytical Procedure
Procedure for Low Sulfur Samples
The di-aromatic fraction was isolated from the sample by liquid solid chromatography (LSC) as described in a previous paper3). Accurately measured quantities (about 0.5% of the initial sample) of n-heptylbenzene were added to the di-aromatic fractions as the internal standards.
Column : Q-45 Golay column (Apiezon L coated stainless steel capillary of 0.25 mm i.d. and gas : N2, 1.5 kg/cm2. Detector : Flame ionization detector (FID). In order to determine the relative distribution of these four compounds, GC-IR analysis was carried out as follows. The di-aromatic fraction was evaporated on a water bath to remove the LSC eluent (n-pentane and ethylether), The isolation of the di-aromatic fraction and gas chromatographic analysis of it with a Q-45 Golay column were similar to those for the low sulfur sample. But, in the case of the high sulfur samples, C10 alkylbenzothiophenes merged with the peaks of 1-ethylnaphthalene and 2,6-plus 2,7-dimethylnaphthalenes. Correction for the sulfur compounds on these peaks was made by using a sulfur selective flame photometric detector (FPD) (Refer to 3.3).
The separation of dimethylnaphthalenes and C10 alkylbenzothiophenes was carried out prior to GC-IR analysis of 2,6-, 2,7-, 1,6-, and 1,3-dimethylnaphthalenes, by means of liquid liquid chromatography (LLC) described in a previous paper3).
The GC-IR procedure for the LLC fraction was similar to that described in 2.4.1. The gas chromatographic separation of an alkylnaphthalene mixture was reported by numerous investigators, and it seemed to be difficult to separate all compounds up to C12. The column used gave the chromatogram, shown in Fig. 1 , which was basically similar to, but superior in plate number to, that reported by Walker et al. 4 ). 2,6-and 2,7-Dimethylnaphthalenes were not separated as reported Walker et al., Mostecky et al.,5) and 1,6-and 1,3-dimethylnaphthalenes also gave only one peak, though Mostecky reported their partial separation5). Methylbiphenyls did not merge with any alkylnaphthalene peak, differing from Mostecky's observation. But the marketed Q-45 columns differed from one another in separation ability and separation characteristics, and with some columns, operations at two GC-MS. The scanning magnetic field of the mass spectrometer was fixed at m/e=156 (parent mass of dimethylnaphthalene), and the chromatogram of m/e=156 and total ions were recorded at the same time.
The chromatograms were as shown in Fig. 2 . The peaks in the chromatogram of total ions were identified by taking their mass spetra. The parent masses determined in this manner were also shown in the Fig. 2 . From those spectra it was proved that the peaks in the chromatogram of m/e=156 were all due to isotope ions of 155 masses which were the main fragment ions of C13 alkylnaphthalenes (m/e=170) . No peak remained after subtracting the isotope contributions.
The possible maximum quantities of 1,8-dimethylnaphthalene estimated from the S/N ratio of the method used were below 1 % of total dimethylnaphthalenes present. The data are as shown in Table 2 . The average value in Table 2 was taken as the absorptivity of 2,7-dimethylnaphthalene. A searching of the sbsorption bands assigned to 2, 7-dimethylnaphthalene in the spectra of actual samples was made by comparison with the published spectrum,7) and the band occuring at 830 cm-1 was the only one observed. The spectra of an actual sample was as shown in Fig. 3 .
The di-aromatic fraction of the high sulfur sample contained alkylbenzothiophenes. The major components of the C10 alkylbenzothiophenes could not be separated from the 2,6-, 2,7-, 1,6-, and 1,3-dimethylnaphthalenes by preparative GC using any liquid phase available. Since alkylbenzothiophenes also have intense bands in the same wave number region as alkylnaphthalenes, interference of C10 alkylbenzothiophenes in the IR analysis of the GC fractions was unavoidable.
In order to avoid the interference, separation of dimethylnaphthalenes and C10 alkylbenzothiophenes had to be made prior to GC-IR analysis. The separation could be made satisfactorily with liquid-liquid chromatography using a mixture of dimethylsulfoxide and dimethylformamide as the liquid phase and calcined alumina as a solid support3). the overall composition. So a study was made on the use of FPD to determine the alkylbenzothiophenes to be subtracted from the peaks in question. Quenching, though significant in general use of FPD8), was considered to be minor, because the quantities of hydrocarbon introduced into the detector together with sulfur were very small (10-7-10-8g in the case of 2,6-plus 2,7-dimethylnaphthalenes) and the ratio of hydrocarbon to sulfur was also small (less than 10/1). Simple confirmation on the problem was made with mixtures of naphthalene and benzothiophene, and it was proved that the response of the FPD Since each peak of C10 alkylbenzothiophenes was not identified as an individual compound, plotting the calibration curve of concentration vs. detector response for each peak was impossible. So relative amounts were at first calculated using the calibration curve of benzothiophene under the following assumptions. (1) The slopes of the log-log calibration curves of C10 alkylbenzothiophenes were all equal to that of benzothio- Table 3 Relative Amounts of Alkylbenzothiophenes Determined by FID and FPD phene. (2) The log-log calibration curves of C10 alkylbenzothiophenes were all the same. Next, the values of relative amounts were converted to absolute ones by the relationship between the values of FID and FPD response on peaks 4 and 5 in Fig. 4 .
The ratio of peak 4 to peak 5 can be obtained by either FID or FPD.
So comparison between
these two values reveals the reliability of the estimation described here. The data are as shown in Table  3 .
The error was about 10% relative.
Precision and Accuracy
The results of an examination for the precision and accuracy of the method are as shown in Table  4 . The accuracy was estimated by an addition of pure compounds to a sample.
The repeatability (deviation) was about 5% relative, and the difference between the observed and true values was estimated to be in the range of repeatability. 4 
Results and Discussion
The results of the analyses are given in Table   5 . The relative abundances of dimethylnaphthalene isomers calculated from Table 5 are as shown in Table  6 . From these results the following rules were found to hold on the relative distribution of alkylnaphthalene isomers in petroleum.
( to 1-alkyl is 1.8 for methylnaphthalenes and 3.3 for ethylnaphthalenes. c. In dimethylnaphthalenes, the isomers having one methyl group on each ring (1,6-, 1,7-, 2,6-, 2,7-, and 1,5-isomers) amount, in total, to 80% of the dimethylnaphthalenes.
d. In the dimethylnaphthalenes having one methyl group on each ring, the isomers with one methyl group in position 1 and the other in position 2 (1,6-and 1,7 isomers) are the most predominant in total, and those with both methyl groups in position 2 (2,6-and 2,7 isomers) are (2) High sulfur crude oils. The rules found in low sulfur crude oils hold also for high sulfur crude oils qualitatively. In addition, there is a marked difference in the values of relative abundances of isomers in high sulfur crude oils compared to those of low sulfur crude oils. That is to say, in low sulfur crude oils, the predominant isomers are more predominant as compared with high sulfur crude oils. 
